We present a comparison between the dierent methods reported in the literature to experimentally determine the electron mobility in the channel of a MOSFET. In order to accurately obtain the mobility for use in an I±V model a suitable determination of inversion charge and electric potential is shown to be relevant. Numerical simulation is demonstrated to be a powerful tool to carry out mobility extraction, particularly in the moderate-inversion region, and to accurately calculate the eective electric ®eld. #
Introduction
In the recent decade extensive studies on the experimental determination of eective mobility in NMOSFETs have been carried out by a large number of researchers. Traditionally eective mobility has been extracted from the I D ±V GS characteristics measured at very low V DS (typically lower than kT/q). These data are then used in a particular I±V model to isolate the eective mobility and determine its value. Therefore mobility data strongly depend on the accuracy of the model used to describe the I±V characteristics. To address which model is more appropriate and which parameters must be studied in order to choose such a model, we can start with the following equation for the drain current:
where Q I is the inversion charge per unit area, c the electric potential, f t the thermal potential, and x the dimension along the channel. Some authors have used another equation for I D which considers the Fermi potential along the channel instead of the electric potential like in Eq. (1) (i.e., [1±4]),
where V F is the potential associated with the deviation of quasi-Fermi levels. Note that both Eqs. (1) and (2) include drift and diusion components and that they are equivalent, provided that a suitable electric potential, c, can be de®ned in the channel. To evaluate I D it is necessary to integrate Eq. (1) or Eq. (2) along the channel. Then, Eq. (1) leads to
where d and s refer to the value of the magnitude in the drain and source edges, respectively, and a mean value of the inversion charge has been de®ned given by
where V Fd and V Fs are the deviation of the quasi-Fermi level in the drain and source edges, respectively, at a given drain-source voltage V DS and hQ Ic i is the average value of the inversion charge de®ned as follows:
The main drawback to use Eq. (3) is the calculation of Q Is , Q Id , hQ Ip i, and the electric potential at both edges, although, as will be shown below, the integration of Eq. (4) can be easily carried out due to the linear dependence of the inversion charge on the electric potential. Furthermore, Eq. (5) presents the same problem due to the integration of Eq. (6), but in this case the integration becomes more dicult as a result of the non-linear dependence of the inversion charge on the deviation of quasiFermi levels, as shown below. The outline of this paper is as follows: ®rst both the electric potential method, based on Eqs. (3) and (4), and the channel potential method, based on Eqs. (5) and (6), will be analyzed separately. Next we will discuss the calculation of the eective electric ®eld, the quantity usually used to plot the mobility. Finally we conclude with a discussion and some closing remarks.
Electric potential method
The electric potential method consists of evaluating Eqs. (3) and (4) in order to determine I D /m for comparison with the experimental drain current. To do so, the electric potential to be used in Eq. (3) must ®rst be de®ned. So, there are several potentials that can be considered. Traditionally, surface potential has been used but, as is known, this is not the potential seen by electrons in the channel. In fact, as some of the authors have recently shown in [5] , the eects of the penetration of the channel into the semiconductor are more relevant in deep-submicrometer devices where this magnitude is not negligible versus the oxide thickness. Hence, some magnitudes should be corrected by the inversion-layer centroid in order to take this eect into account. The following potentials can then be de®ned:
(i) Surface potential (c S ) de®ned as usual.
(ii) An`eective potential', c e , introduced in [6] , consisting of the potential evaluated in the centroid of the channel
where e S is the silicon permittivity, z I the centroid of the channel and c S =c(0) the surface potential.
(iii) An`average potential', termed c av , calculated from
where z is the dimension perpendicular to the interface, n(z) is the electron concentration, and c(z) the electric potential.
(iv) The potential associated to the ground subband, introduced by Kol'dyaev et al. [7] , c g .
To show these potentials, we have self-consistently solved both the Poisson and SchroÈ dinger equations with a unidimensional solver as described in [8] . On this basis, we have then evaluated all the potentials de®ned in (i)±(iv) and the increment between the drain and source edges (which is the magnitude that appears in Eq. (3)), plotted in Fig. 1 as a function of gate-voltage for a given drain-source voltage. As can be observed in Fig. 1(a) , c S and c e are practically equal in weak inversion but very dierent in strong inversion since the correction of the centroid in Eq. (3) becomes more important in this region. On the other hand, c av and c g are very dierent in the two regions although the increment between its value in the drain and source edges is practically the same, as shown in Fig. 1 (b) and very dierent to the increment of c S and c e between the drain and source edges.
The main drawback of this method is that it requires the numerical calculation of the potential and inversion charge in the channel edges, but, on the other hand, it is only needed in such edges due to the linear dependence of the inversion charge on the potential, as shown in Fig. 2 . Therefore, the integration given in Eq. (4) can be easily carried out,
Channel potential method
The other method mentioned above parts from Eqs. (5) and (6) to simulate the drain current. Thus, the calculation is carried out as a function of an experimental magnitude such as the drain-source voltage. It is important to point out that Eq. (5) includes both the drift and diusion contributions, in contrast to what some authors had previously claimed [9] , as this equation is obtained when the dependence of the inversion charge on the deviation of the quasi-Fermi levels is accounted for and not by neglecting the diusion term, as can be seen, for instance, in [4] . However, the main drawback of this method derives from the fact that, as shown in Fig. 3 , the inversion charge does not linearly depend on the deviation of the quasi-Fermi levels and, hence, the integration of Eq. (6) could be more dicult. Eq. (5) has been widely used in the literature but the determination of h À Q Ic i is not always carried out in a suitable way. The following methods have been proposed to evaluate the value of the inversion charge to be used in Eq. (5):
(i) First, the simplest method assumes a linear dependence of the inversion charge on gate voltage given by
However, this equation presents many problems near the threshold, as is known, and even above the threshold voltage it becomes invalid, as shown in Ref. [5] , since the oxide capacitance must be corrected to include the eect of the inversion layer centroid for thin oxide devices, as is usual in current technology.
(ii) Some researchers have been using its value in the source edge [1, 2, 10±12], Q I0 , using the split C±V method, arguing that if the drain voltage is very low, it can be assumed that the inversion charge is approximately constant along the channel. However, the inversion charge must be determined for the value of the drain-source voltage used to measure the I±V characteristics.
(iii) A mean value between the drain and source edges [3, 6, 13] , Q Iav , has also been considered, de®ned as
However, the higher V DS is, the higher the error introduced by Eq. (11) due to non-linear behavior of the inversion charge versus V F .
Another value used in the literature is the magnitude that provides the split C±V method in its original form [10] . Although Sodini et al. measure inversion charge for drain-source voltage zero, they correct this value by a function F(V GS ) that is equivalent to considering the variation of inversion charge along the channel. So, after some algebra, an eective inversion charge can be de®ned, so that the drain current can be written as
We have numerically evaluated Eq. (6) and the error of (i)±(iv) related to Eq. (6) has been computed and shown in Fig. 4 for two dierent values of drain voltage, V DS =0.02 V and V DS =0.1 V. In this ®gure it can be observed that only Eq. (11) approaches Eq. (6) for V DS =0.02 V, while for V DS =0.1 V the error can even reach 50% in the worst case as a consequence of the non-linear behavior of the Q I ±V F characteristics. The other approximations have a considerable error, mainly in the moderate inversion region and at higher V DS .
Eective electric ®eld
Usually, as per the original work of Sabnis and Clemens [14] , the mobility is plotted versus an eective electric ®eld instead of a surface electric ®eld, provided that the former is the mean electric ®eld that electrons see in the channel [15, 16] . However, this electric ®eld is not always accurately calculated, which could lead to a slightly dierent functional dependence of the eective mobility on it. The de®nition of this eective electric ®eld is as follows:
where n I is the electron density, that we evaluate as in Ref. [8] , and z D the width of the depletion-charge region. As the charge density is given by
we can write the local electric ®eld as follows:
If we de®ne 
as the inversion-charge density per unit area, and
as the depletion-charge density per unit area, where a mean doping concentration in the depletion region has been de®ned, we can integrate Eq. (14), resulting in
When z I`zD , Eq. (19) takes the usual form used, for instance, by Sabnis and Clemens [14] . However, the term which multiplies the depletion charge could become important at high doping levels and in the moderate inversion region. Next, we have used the dierent ways of evaluating the eective electric ®eld, grouped here for comparison, (i) The most accurate one consists of integrating the local electric ®eld E(z), averaging as in Eq. (19).
(ii) Another way is obtained from Eq. (19) by neglecting z I versus z D ,
(iii) The most widely used method consists of evaluating Q B in Eq. (17) according to [1] , and Q I from the split C±V method or numerically, as indicated in Section 2,
(iv) Finally, the simplest one consists of using the linear dependence of the inversion charge in Eq. (20), in addition to approach (iii).
In Fig. 5 the mobility data are plotted versus the eective ®eld evaluated as in (i)±(iv). Except in (ii), where the error is negligible in the whole electric ®eld region, the other approximations can become important as the functional dependence on the electric ®eld can change due to the variation of the slope in the m e ±E EFF characteristics. This can become a critical subject in the modeling for circuit simulation.
Results and discussion
Two ways of extracting the mobility have been examined, the electric potential method and the channel potential method. In both cases, the integration of drain current has been shown to be critical in order to accurately extract the mobility. In particular, the main problem is to evaluate Eqs. (4) and (6), the mean inversion charge in each method. Nevertheless, the determination of inversion charge in the electric potential method can be easily carried out due to the linear dependence that it exhibits on electric potential, and hence, the mean value can be computed by knowing its value only in the source and drain edges. This method was proposed by some of the authors in [6] , but in that case the use of what has been termed here as the eective potential leads to a signi®cant error, as shown in Fig. 6 in diamonds. In its stead, the average or ground potential has been shown to be more appro- priate, plotted in squares and circles, respectively, in Fig. 6 . It can be seen that the two nearly match up with the curve plotted in cross symbols, obtained from Eq. (5) and numerically integrating in Eq. (6) . The surface potential considerably underestimates the mobility, as seen in the previous ®gure, where it is plotted in plus symbols. Furthermore, the method was observed to be independent of the drain voltage.
In contrast, and in spite of the drain current being expressed as the function of an experimental magnitude such as the drain voltage, the integration of Eq. (6) has been shown to lead to a considerable error. This becomes larger mainly in the moderate-inversion region and higher when the drain voltage increases, due to the non-linear dependence of the inversion charge on the deviation of the quasi-Fermi levels, as shown in Fig. 7 . In these ®gures, the mobility data are plotted versus the gate voltage by using the dierent inversion charges de®ned in Section 3, at two values of drain voltage: (a) 20 mV, and (b) 100 mV. The increase in the error is apparent when the drain voltage rises in the moderate-inversion region. However, at a drain voltage as low as 20 mV, the approach introduced by Eq. (11), in crosses, substantially improves the results. Therefore, the integration in Eq. (6) must be numerically carried out in order to accurately determine the mobility.
Finally, the mobility curves reported after Koga et al. [13] for two dierent doping concentrations are plotted in Fig. 8 . Dashed lines show the mobility obtained when the inversion charge in the source edge is used to evaluate Eq. (5), as is common in the original split C±V method, and Eq. (21) is used to compute the eective ®eld. Dotted lines indicate data obtained when the inversion charge is modi®ed to take into account the ®nite value of drain voltage according to Eq. (11). This approach was implemented by Koga et al. in [13] . The mobility and the eective ®eld obtained by the numerical integration of Eq. (6) are plotted in solid lines. Although the error is not quantitatively signi®cant, the modi®cation in the qualitative (11) is only suitable at low drain voltages, as at higher drain voltages it underestimates the mobility in the moderate-inversion region, overestimating the in¯uence of Coulomb scattering. The other approaches are evidently erroneous.
behavior can become important in the modeling for circuit simulation.
Conclusions
We have shown that simulation is a suitable tool for accurately obtaining the electron mobility in a MOSFET from I±V measurements. This allows integration of the drain current along the channel to be carried out and an appropriate evaluation of the inversion charge, a magnitude that is crucial in both extraction procedures. We have shown that, using the electric potential method, the best approach is obtained with ground and average potentials. The former is especially interesting since it can be understood as the potential associated to the total energy increment of the electron when quantum eects are accounted for. The channel potential method can only be applied when the drain voltage is low enough to avoid troubles associated with the integration of the inversion charge and, consequently, to minimize the errors in the moderate inversion region. Finally, the dierent ways of evaluating the eective electric ®eld could lead to slight changes in the qualitative form of the mobility curves, which becomes important when the mobility is modeled as a function of the above magnitude.
